The present paper presents the results of a thermoanalytical investigation on the kinetics of the aluminothermic reduction of Nb 2 O 5 under non-isothermal conditions. Simultaneous differential thermal analysis (DTA) and thermogravimetry (TG) technique were used. It was determined the minimum molar ratio Nb 2 O 5 : Al for the completion of the reaction and the value of the change of enthalpy associated to the reduction. X-Ray diffraction was used in order to identify the products of reduction. Since the oxidation of aluminium and the reduction of Nb 2 O 5 occur simultaneously, it was possible to study the kinetics by analysing the rate of generation of the peak area for the Nb 2 O 5 reduction (DTA) and the mass gain due to the oxidation of some of the excess of aluminium (TG). The reduction was controlled by first order chemical reaction and the reduction was isokinetic within the experimental conditions of the present work.
Introduction
Metallothermic reactions are very important for many refractory metals producing processes. The heat of reaction and the rate of reaction are essential for the understanding of the metallurgical operations involved. Since the aluminothermic reduction of metal oxides is both highly exothermic and rapid reactions, there are few attempts to study the kinetics of such a process [1] [2] [3] [4] . The aluminothermic reduction of Cr 2 MnO 2 7,8) and V 2 O 5 , 8) have been studied using the simultaneous DTA-TG technique. In a DTA apparatus the heat losses cannot be accurately predicted, therefore it is impossible to estimate precisely the maximum temperature attainable by aluminothermic reacting mixtures in a DTA set-up. Therefore an excess of aluminium has been used in order to use the excess enthalpy.
The present work aims at to describe the kinetics of reduction of Nb 2 O 5 with aluminium. In the present investigation simultaneous DTA-TG technique has been used. The mixtures of Nb 2 O 5 :Al were prepared in the powdered form. The experiments were carried out in dynamic air, in the presence of an excess of aluminium, in a way that part of the heat generated by the oxidation of aluminium would be absorbed into the melt. The heat from the oxidation triggered the reduction reaction. Different researches, in previous works, have noticed the necessity of the utilization of air into the DTA-TG system, when the experiments of aluminothermic reduction of metallic oxides such as Cr 2 since the generated heat due to the oxidation of part of the excess of aluminium present in the mixture causes the startup of the aluminothermic reduction of the metallic oxide. In these quoted works, it has been verified that when argon was used instead of air, the aluminothermic reduction of the oxide did not occur. In order to determine the enthalpy of reduction, mixtures with molar ratios (Nb 2 O 5 : Al) varying from 1 : 5 up to 1 : 12 were heated at the rate of 10°C min Ϫ1 . The found figures of the heat of reduction have been compared to the theoretical ones.
The kinetic controlling mechanism has been determined for the molar ratio Nb 2 O 5 : Alϭ1 : 11, which was the found ratio for the completion of the reduction, at a heating rate of 10°C min
Ϫ1
. The activation energy and the pre-exponential factor of the Arrhenius equation of the aluminothermic reduction were determined for heating rates varied from 5°C min Ϫ1 to 15°C min Ϫ1 . X-Ray diffraction was used in order to identify the products of reduction. The reaction products were Al 2 O 3 and the intermetallic compound NbAl 3 .
Experimental
The DTA-TG experiments were carried out in a STA 409 model of NETZSCH-Gerätebau GmbH. The reactant mixtures were composed of powder of Nb 2 In each run a sample weighing 20 mg was put into alumi-na cylindrical crucible and heated from room temperature up to 1 200°C in a dynamic atmosphere of synthetic air (O 2 ϩN2ϭ99.997 vol.%, 100 mL min
Ϫ1
). Alumina powder was used as reference material. The adopted heating rate varied from 5 to 15°C min
The reaction products have been detected by X-ray diffraction technique (XRD) in a Philips diffractometer Model MPD 1880.
Results and Discussion
The Fig. 1 shows typical DTA-TG curves generated. On the DTA curve one can see two peaks as follows: a) the endothermic peak related to the melting of aluminium; b) the exothermic peak related to the overall enthalpy change of the system. On the other hand, on the TG curve one can see the mass gain related to the oxidation of part of the excess of aluminium of the mixture. According to Sarangi, Sarangi, Ray and Misra 6) the exothermic DTA peak represent the total heat effect due to the following factors: a) heat of the aluminothermic reaction (exothermic with no gain of mass); b) heat of oxidation of some excess of aluminium (exothermic with gain of mass); c) dissolution of the reduced metal (niobium) in excess of aluminium and formation of intermetallic compounds (of the Al-Nb system) (exothermic with no gain of mass).
The heats of formation at 298 K of the intermetallic compounds of the Al-Nb system (Nb 2 , at 25°C (298 K).
10) Therefore, the experimental heat value of the aluminothermic reduction of Nb 2 O 5 was obtained by subtracting the heat of oxidation of some excess of aluminium calculated from the mass gain detected on the TG curve from the overall enthalpy change calculated from the DTA peak. The results of the experiments are summarised in Table 1 which contains: the molar ratio used in each experiment, mass of mixture, the DTA temperature of the exothermic peak, the calculated overall enthalpy change of the system, the mass gain, the enthalpy of oxidation of the aluminium and, finally, the experimentally determined enthalpy change associated to the reduction of Nb 2 O 5 with Al. Figure 2 shows, for each tested molar ratio Nb 2 O 5 : Al, both the theoretical and the experimental values of the enthalpy change of the reduction, at the respective DTA peak temperature. The calculated values of the enthalpy of reduction presented on Fig. 2 have been calculated from the sum of the change of enthalpy corresponding to the reduction at 298 K plus variation of the heat capacities of the products of reaction from 298 K up to the corresponding peak temperatures.
It must be noted that for molar ratios Nb 2 O 5 : Al equal or greater than 1 : 11 the experimental value of the enthalpy change is almost constant and very near to the theoretical value (approximately 6 % less than the theoretical value). Figure 3 shows the X-ray diffraction pattern of the prod- The presence of the intermetallic compound NbAl 3 is due to the fact that there is aluminium in excess over the stoichiometric quantity (3.3 more than the stoichiometric quantity). So, the reduced niobium reacts with the excess of aluminium leading to the formation of NbAl 3 . Sarangi et al. 8) have observed in the case of the reduction of V 2 O 5 and MnO 2 with Al the formation of V-Al and Mn-Al intermetallic compounds, respectively. Cintho et al. 5) have observed in the case of the reduction of Cr 2 O 3 with Al the formation of Cr-Al intermetallic compound.
Kinetic study of the reduction of Nb 2 O 5 with Al has been carried out with molar ratio Nb 2 O 5 : Alϭ1 : 11. This ratio was selected due to a good matching of theoretical and experimental values of the enthalpy change, as shown in Fig. 2 .
Assuming that the beginning and the end of the DTA peak correspond, respectively, to the initiation and completion of the reduction, the degree of reduction at any given temperature, was calculated on the basis of the area fraction generated by the difference in area between the heat curve calculated from the DTA exothermic peak and the heat curve calculated on the basis of the oxidation of some excess of aluminium, which was deducted from the TG curve, for the same temperature range. More details on the adopted procedure may be seen in De Lazzari 11) and in the references. Figure 4 shows the degree of reduction as a function of temperature for the aluminothermic reduction of Nb 2 O 5 (molar ratio Nb 2 O 5 : Alϭ1 : 11).
5,7)
As far as the kinetic model for the overall aluminothermic reaction is concerned no a priori model has been assumed. Therefore, eight different mechanistic models for the control of the reaction have been considered, [12] [13] [14] [15] [16] [17] [18] [19] [20] when one plots ln[g(degree of reduction)/T 2 ] versus 1/T, where g (degree of reduction) corresponds to rate controlling mechanism equation. The identification of the controlling mechanism was based on the higher value of the correlation coefficient obtained. It has been seen that the highest correlation coefficient was 0.99, that corresponds to first order chemical reaction control (g(degree of redution)= Ϫln(1Ϫdegree of reduction)).
For the molar ratio Nb 2 O 5 : Al=1 : 11 and the heating rates equal to 5°C min Table 2 shows the values of E and ln A obtained for each heating rate.
It must be noted that ln A vs. E is a straight line (ln Aϭ Ϫ0.137.EϪ6.862, correlation coefficientϭ0.99). Therefore the kinetic compensation effect is applicable with the data, which indicates that the reduction is isokinetic within the experimental conditions of the present work. 
Conclusion
The following conclusions have been obtained from the present study:
(1) For molar ratios Nb 2 O 5 : Al equal or greater than 1 : 11 the experimental value of the enthalpy change is almost constant (Ϫ595.9 kJ mol
Ϫ1
) and very near to the theoretical value (approximately 6% less than the theoretical value).
(2) The analysis of the product of reaction for the molar ratio 
